In order to investigate the action of leptin on early follicular growth, preantral follicles, 95-115 m in diameter were mechanically isolated from the ovaries of BDF1 hybrid immature (11-day-old) and adult (8-wk-old) mice, and cultured for 4 days in vitro. Follicular growth was assessed by daily changes in follicular diameter and by the amount of estradiol and immunoreactive (IR)-inhibin released into the culture medium at Day 4. Preantral follicles from immature mice showed a significant development in follicular growth as a result of stimulation by GH (1 mIU/ml), insulin-like growth factor (IGF)-I (100 ng/ml) ؉ FSH (100 mIU/ml), and GH (1 mIU/ml) ؉ FSH (100 mIU/ml). Although leptin at concentrations of 1-1000 ng/ml did not have any significant effect on follicular growth stimulated by IGF-I or GH, it significantly inhibited follicular growth in a dose-related manner when follicles were stimulated by IGF-I ؉ FSH and GH ؉ FSH, respectively, suggesting that leptin attenuated the additive effect of FSH. On the other hand, preantral follicles from adult mice were cultured in the presence of FSH, and FSH-dependent follicular growth was inhibited by leptin in a dose-related manner. Because FSH stimulates cAMP production, we investigated the involvement of cAMP in the inhibitory mechanisms of leptin. Preantral follicles from immature and adult mice were cultured in the presence of either 8-Br-cAMP or forskolin. Both 8-Br-cAMP and forskolin significantly increased follicular diameter and hormone secretion in both immature and adult mice. However, 8-Br-cAMP and forskolin-stimulated follicle growth and hormone secretion were significantly inhibited in immature mice by coadministration of leptin, whereas growth of preantral follicles from adult mice was not inhibited by addition of leptin to cultures. These results indicate that leptin causes an inhibitory effect on the early follicular development of both immature and adult mice, but the inhibitory mechanisms of leptin are different.
INTRODUCTION
Leptin, a recently discovered hormone of the obese gene, is a plasma protein that parallels the amount of fat stores [1] [2] [3] and is thought to regulate satiety and energy balance [4] . Because administration of leptin to congenital leptindeficient obese (ob/ob) mice caused decreased food intake, body weight loss, increased ovarian weight, increased num-ber of follicles, and restoration of fertility [5] [6] [7] [8] [9] , involvement of leptin in ovarian function has been postulated. Indeed it is shown that ovaries express leptin receptor mRNA [10, 11] and the administration of leptin antagonizes ovarian hormone secretion [12] . An in vitro study using a granulosa cell culture system has shown that leptin impaired estradiol (E 2 ) secretion as a result of stimulation by insulinlike growth factor (IGF)-I [13, 14] and insulin in the presence of FSH [15, 16] , suggesting that leptin elicits an inhibitory action on steroid synthesis from granulosa cells. This novel function of leptin on ovarian function may partially account for mechanisms that impair follicular growth in obese women with polycystic ovarian disease (PCOD) [17] [18] [19] [20] [21] . However, it is unknown whether leptin suppression of folliculogenesis reflects functional and/or morphological changes up to ovulation. We have shown that preantral follicles from immature mice do not respond to FSH [22] , while those from adult mice show a significant growth as a result of stimulation by FSH and that activin A stimulates the growth of preantral follicles from immature mice but suppresses the growth of preantral follicles from adult mice. These results indicate that the nature of preantral follicles in immature and adult mice is different [22] . Because serum leptin concentrations increase in proportion to age and fat volume, it is of interest to investigate the effect of leptin on follicular growth of preantral follicles from immature and adult mice in conjunction with GH, IGF-I, and FSH. The present study was aimed at clarifying the effect of leptin on follicular growth at early stages in immature and adult mice using an in vitro follicular culture system.
MATERIALS AND METHODS

Chemicals
Recombinant murine leptin was obtained from Pepro Tech Inc. (London, UK). 8-Bromoadenosine 3:5-cyclic monophosphate (cAMP) was obtained from Sigma Chemical Co. (St. Louis, MO). Recombinant human (rh)FSH was obtained from Organon (Oss, Netherland). Recombinant human IGF-I was obtained from Sigma and rhGH was provided by Serono Laboratories Co. (Geneva, Switzerland). All other chemicals were of analytical grade or the highest quality commercially available.
Animals
Female BDF1 hybrid mice were purchased from Japan Charles River Inc. (Tokyo, Japan) and housed in a temperature and light-controlled room with a 14L:10D photoperiod. All experiments were carried out in accordance with the principles of The Animal Care and Experimentation Committee, Gunma University, Showa Campus. Food and water were given ad libitum. Eleven-day-old mice and 8-wk-old female mice were killed for the experiments.
FIG. 1. Morphological changes in prean-
tral follicles from immature mice cultured for 4 days in the presence of medium alone (A), rhFSH (100 mIU/ml) ϩ IGF-I (100 ng/ml) (B), and rhFSH ϩ IGF-I ϩ leptin (30 ng/ml) (C). Magnification ϫ200. Changes in the number of granulosa cells of each group were shown in D. **P Ͻ 0.0001; *P Ͻ 0.001. ( ), Number of follicles examined.
FIG. 2.
Morphological changes in preantral follicles of immature mice cultured for 4 days in the presence of medium alone (A), rhFSH (100 mIU/ml) ϩ GH (1 mIU/ ml) (B), and rhFSH ϩ GH ϩ leptin (30 ng/ ml) (C). Magnification ϫ200. Changes in the number of granulosa cells of each group were shown in D. **P Ͻ 0.0001; *P Ͻ 0.001. ( ), Number of follicles examined.
Lincoln, NJ) filled with Dulbecco modified Eagle medium (DMEM; Gibco BRL, Tokyo, Japan). After removing surrounding tissue, ovaries were microdissected under the inverted microscope using 27-gauge needles attached to 1-ml syringes. Approximately 10-15 preantral follicles were mechanically isolated from one ovary in a humidified chamber with 5% CO 2 in air at 37ЊC. Preantral follicles, 95-115 mm in diameter with one or two layers of granulosa cells around the oocyte and an intact basal lamina with theca cells, were used for the experiments. Ten preantral follicles were transferred into a Falcon plastic Petri dish filled with 1 ml serum-free DMEM supplemented with 6.25 g/ml of insulin, 6.25 g/ml of transferrin, 6.25 ng/ml of selenious acid, 5.35 g/ml of linoleic acid, 0.15% BSA, 15 mM Hepes, 45 g/ml of penicillin G, 350 g/ml of streptomycin, and 1.75 g/ml of amphotericin B and cultured in a humidified chamber with 5% CO 2 in air at 37ЊC for 4 days. Ten follicles were cultured in the same dish. Hormones were added at Day 0 at the indicated concentrations and combinations. We could collect 40-60 small preantral follicles from immature mice and 20-30 from adult mice, respectively. Experiments were repeated five to eight times for each reagent.
Histological Evaluation of the Culture Follicles
Follicles were cultured on 30-mm-diameter Falcon plastic petri dishes filled with the culture medium for 4 days. The follicles were fixed with 10% buffered formaldehyde for 24 h at room temperature. The tissues were then embedded in paraffin, sectioned in 3-m sections, and stained with hematoxylin and eosin. Number of granulosa cells was counted on the section with maximal diameter of oocyte.
Measurements and Statistics
Two-dimensional maximum and minimum lengths of each follicle including an intact basal lamina with theca cells were measured daily by inverted microscope (Olympus IMT-2; Olympus Co., Tokyo, Japan). The mean diameter of the follicle was expressed as the mean of the two lengths. Immunoreactive (IR)-inhibin concentration was measured by double-antibody RIA using rabbit antiserum against bovine follicular fluid inhibin as described previously [24] . The concentrations of E 2 were determined by direct RIA using antiestradiol antiserum kindly supplied by Dr. W.F. Crowley, Jr. [25] , and radioactive tracers of estradiol-6-(O-carboxymethyl) oximino-(2-[ 125 I]iodohistamine) (Amersham, Buckinghamshire, England). The intraassay coefficients of variation of inhibin and E 2 RIA were 2.8% and 2.6% (n ϭ 5), and interassay coefficients of variation of inhibin and E 2 RIA were 4.7% and 4.8% (n ϭ 5), respectively. Results were expressed as mean Ϯ SEM. Differences between the means of follicular diameters, hormone levels, and the number of granulosa cells were analyzed by one-way ANOVA followed by Scheffe multiple comparison test. P Ͻ 0.05 was considered as significant.
RESULTS
Morphological changes in preantral follicles of immature mice cultured for 4 days in the presence of rhFSH ϩ IGF FIG. 3 . Changes in follicular diameter of preantral follicles and E 2 and IR-inhibin secretion from follicles of immature mice cultured for 4 days with each of rhFSH (100 mIU/ml), IGF-I (100 ng/ml), GH (1 mIU/ml), and combined with doses of 1, 10, 30, 100, and 1000 ng/ml leptin. Experiments were repeated five to eight times for each reagent. The data shown are the mean and SEM. a, P Ͻ 0.0001; b, P Ͻ 0.001; c, P Ͻ 0.01; d, P Ͻ 0.05 versus FSH ϩ GH ϩ zero leptin; e, P Ͻ 0.0001; f, P Ͻ 0.01 versus control; g, P Ͻ 0.0001 versus FSH alone.
FIG. 4.
Changes in the diameter of preantral follicles from adult mice. Preantral follicles were cultured for 4 days with the medium alone (control), rhFSH (100 mIU/ml), rhFSH plus 10 ng/ml leptin, and rhFSH plus 100 ng/ml leptin. Follicular growth was checked daily, and degenerated follicles were removed. Experiments were repeated five to eight times for each reagent. The data shown are the mean and SEM. a, P Ͻ 0.0001; b, P Ͻ 0.001.
and rhFSH ϩ GH with or without 30 ng/ml of leptin are shown in Figures 1 and 2 . Administration of either of IGF-I (100 mIU/ml) or GH (1 mIU/ml) with 100 mIU/ml of rhFSH significantly increased the number of granulosa cells (Figs. 1, B and D; and 2, B and D, respectively) and the size of follicles (Fig. 3) . However, these stimulatory effects of GH and IGF-I with rhFSH were blocked by the administration of leptin (Figs. 1, C and D; 2, C and D; and 3, respectively). The effect of leptin on follicular diameter, E 2 secretion, and IR-inhibin secretion by preantral follicles cultured with GH or IGF-I alone or with rhFSH is shown in Figure 3 . Because follicles showed a linear increase in size during 4 days of culture, results on Day 4 only were presented. As shown in the left panel, IGF-I did not increase follicular diameter, E 2 , or IR-inhibin secretion by follicles obtained from immature mice, and the administration of leptin from doses of 1 to 1000 ng/ml did not cause any effect on follicular size. However, IGF-I showed a significant increase in follicular diameter, E 2 secretion, and IRinhibin secretion when cultured with rhFSH. This combined effect of IGF-I and rhFSH, however, was significantly inhibited in a dose-related manner as a result of the addition of leptin. As shown in the right panel of Figure 3 , GH alone significantly increased follicular diameter, E 2 secretion, and IR-inhibin secretion, and the administration of leptin from doses of 1-1000 ng/ml did not cause any effect on follicular diameter, E 2 secretion or IR-inhibin secretion. Administration of FSH further increased the effect of GH, and the effect of GH and rhFSH on follicular growth was significantly inhibited by the administration of leptin. These results indicate that leptin has an inhibitory action on preantral follicles cultured in the presence of FSH. As shown in Figure 3 , preantral follicles from immature mice do not respond to FSH, we did not examine whether leptin modulates the effect of FSH on preantral follicles from immature mice. Figure 4 shows the effect of leptin on follicular growth of preantral follicles from adult mice, cultured in the presence of FSH alone. Preantral follicles from adult mice showed a significant increase in diameter as a result of stimulation by 100 mIU/ml of rhFSH. As seen in the figure, leptin at doses of 10 ng/ml and 100 ng/ml significantly inhibited the effect of FSH, suggesting that leptin blocked the stimulatory effect of FSH on preantral follicular growth. As shown in Figure 5 , leptin inhibited the preantral follicular growth of adult mice in a dose-related manner, and even a dose of 1 ng/ml of leptin resulted in a significant suppression of IR-inhibin and E 2 secretion. Figure 6 show the morphological appearance of a preantral follicle cultured for 4 days with FSH alone and with 100 ng/ml of leptin, respectively. Administration of FSH significantly increased follicular diameter and the number of granulosa cells, but the stimulatory effect of FSH on preantral follicles was significantly blocked by administration of leptin.
In order to study the effect of cAMP on follicular growth and the effect of leptin on cAMP and in turn follicular growth, preantral follicles from immature and adult mice were cultured in the presence of 8-Br-cAMP and forskolin for 4 days. The dose of 8-Br-cAMP and forskolin was determined to be 2.5 mM and 0.1 M, respectively, for immature mice and 2.5 mM and 100 M for adult mice, respectively, because the doses of these chemicals showed a maximal response in follicular size and E 2 and IR-inhibin secretion (result not shown). Figure 7 shows that 8-Br- cAMP and forskolin caused a significant increase in follicular diameter, E 2 secretion, and IR-inhibin secretion of immature mice and adult mice. The stimulatory effects of cAMP and forskolin on follicular growth of the immature mice were significantly inhibited by 100 ng/ml and by the above doses of leptin. However, as shown in Figure 7 , up to 1000 ng/ml of leptin had no effect on follicular growth of adult mice.
DISCUSSION
Previous reports [26] [27] [28] [29] have shown that leptin has stimulatory effects on reproductive function. This effect of leptin is postulated to be caused by a stimulatory action of leptin on gonadotropin secretion [27] . However, it has been shown that granulosa cells, theca cells, interstitial cells, and cumulus oophorous cells have a specific receptor for leptin [12, 13] , and leptin elicits an inhibitory effect on ovarian function [13] [14] [15] [16] . Zachow and Magoffin [14] have shown that leptin impaired E 2 production by rat granulosa cells cultured in the presence of IGF-I and FSH, while Agarwal et al. [13] have shown a similar effect of leptin on human granulosa and theca cells. In addition, Brannian et al. [30] have shown that leptin inhibits gonadotropin-and insulinstimulated progesterone production by granulosa cells. Although these studies demonstrated that leptin directly inhibits the activity of E 2 secretion after differentiation of granulosa cells, they did not clarify how leptin suppresses the production of ovarian steroids in the cells. Moreover, it was unknown if leptin suppressed the proliferation of granulosa cells. Our present study demonstrated not only that leptin inhibited proliferation of granulosa cells, but also that the inhibitory action of leptin on follicular growth is FSH dependent because the inhibitory action of leptin on follicular growth was seen only when these follicles were cultured in the presence of FSH. In addition, our present study using preantral follicles from adult mice clearly demonstrated that leptin also suppresses the effect of FSH on the early follicular growth of adult mice.
FSH stimulates steroidogenesis in granulosa cells to allow cellular differentiation and development of the follicle. Interaction with a receptor has long been recognized as stimulating an increase in cAMP levels in granulosa cells [31] , and cAMP antagonists have been shown to inhibit the effect of FSH on progesterone secretion [32] . Therefore we first examined the effect of cAMP on follicular growth in terms of steroidogenesis and morphological changes. As shown in Figure 7 , 8-Br-cAMP and forskolin induced E 2 and IR-inhibin secretion as well as an increase in follicular diameter, suggesting that our system can be used to evaluate the effect of cAMP on follicular development. Although preantral follicles from immature mice do not increase their follicular size or E 2 or IR-inhibin secretion as a result of stimulation by FSH alone [22] , they were able to increase follicular size as well as hormonal secretion as a result of stimulation by cAMP and FSH in conjunction with GH or IGF-I. These results suggest that preantral follicles from immature mice have an intact protein kinase A.
With regard to mechanisms for leptin inhibition of steroidogenesis of granulosa cells, Barkan et al. [33] found that leptin modulates the glucocorticoid-and forskolin-induced ovarian steroidogenesis and proposed one potential hypothesis that leptin attenuates transcriptional activities of genes by overexpressing c-Jun. As shown in Figure 7 , leptin suppressed cAMP-induced folliculogenesis of preantral follicles from immature mice. Because the cAMP system is functioning in these follicles, it is suggested that leptin may block events downstream to the cAMP-dependent signal transduction pathway. However, thus far we do not have direct evidence as to whether the cAMP-dependent signal transduction pathway has cross-talk with c-Jun. On the other hand, leptin did not suppress cAMP-induced follicular growth in adult mice. Nevertheless, leptin suppressed FSHinduced follicular growth of adult mice, suggesting that the inhibitory mechanisms of leptin on the action of FSH are independent of a cAMP protein kinase pathway in adult mice. It has been shown that besides a cAMP protein kinase A pathway, there are several signal transduction mechanisms in the ovary. One of the examples is the phospholipase C pathway, and it has been shown that activation of this pathway suppresses the FSH-induced progesterone synthesis in rat granulosa cells [34] . Thus, the differing inhibitory action of leptin on follicular growth in immature and adult mice can be accounted for by the presence of multiple signal transduction systems in adult mice. However, the precise mechanisms and how they are controlled as well as why preantral follicles from adult mice need to acquire such transformation still remain unclear.
It is said that both IGF-I and GH synergized with FSH in the stimulation of cAMP accumulation [35] . Nevertheless, leptin suppressed follicular growth stimulated by IGF-I ϩ FSH and GH ϩ FSH, but follicular growth stimulated by GH alone was not affected (Fig. 3) . Moreover, leptin did not suppress follicular growth stimulated by GH ϩ FSH to the level of the control. Thus, the present results suggest that an inhibitory action of leptin is manifested by reduction in FSH-dependent follicular growth, but the mechanisms and physiological significance of such a specific inhibition are unknown.
